Figure 1. Minor Amounts of DNA Damage Do Not Impede Progression through Mitosis, Whereas Extensive Damage Significantly Delays Anaphase Onset (A-D) A late-prophase CFPAC-1 cell was irradiated in the nucleus ([A], asterisk) with 20 laser pulses. It then entered anaphase (B) with kinetics comparable to that of nonirradiated controls, after which it was fixed and processed for the IMF localization of ␥-H2AX (D) prior to being stained with Hoechst 33342 (C). Note that the irradiated cell shows significant chromosome damage, whereas the adjacent prometaphase cell shows no ␥-H2AX staining. (E-I) This CFPAC-1 cell was irradiated across the nucleus during late prophase with 400 pulses of laser light (E). It then proceeded with normal kinetics into prometaphase, during which it rapidly formed a normal-looking spindle (F), but it was then blocked in metaphase for more than five hours (G) prior to entering anaphase (H) and attempting cytokinesis (I). Time is given in hr
phase/anaphase transition [16] . A third possibility is that phase and complete mitosis with normal kinetics ([5]; chromosome damage does not prolong mitosis via a Table 1 ). However, PtK 1 cells are derived from a marsu-DNA damage checkpoint, but instead through the spinpial and may respond differently than placental mammadle assembly checkpoint.
lian cells to DNA damage in mitosis [e.g., 19, 24]. To To distinguish between these possibilities, we used explore this possibility, we repeated our laser studies on pulses of green (532 nm) laser light, or the topoisomer-CFPAC-1 (human ductal adenocarcinoma; p53Ϫ) cells, ase II␣ inhibitors adriamycin or ICRF-193, to induce DNA which, like PtK 1 , remain flat during mitosis. At 34ЊC, damage in various types of mammalian cells after they mitosis in CFPAC1 cells takes 60 min (Table 1) . When had become committed to mitosis. The results of our we randomly irradiated multiple regions of late prophase live-cell investigations reveal that mitosis is prolonged nuclei in CFPAC1, hTERT-RPE (human telomerase imby extensive-but not by minor-damage to the chromortalized retinal pigment epithelium; P53ϩ), or HeLa mosomes. This delay occurs because kinetochores reg-(P53Ϫ) cells with 10-20 laser pulses, the cells proceeded ulate exit from mitosis, via the Mad2 pathway, and exteninto and completed mitosis with normal kinetics (Table sive damage to the DNA eventually leads to problems 1), even though they contained ␥-H2AX complexes in kinetochore function.
(DSBs) and broken chromosomes ( Figures 1A-1D) . By contrast, when we placed 200-400 pulses randomly into Results the nuclei of late prophase CFPAC-1 cells, the duration of mitosis was prolonged more than 5-fold relative to At the level of the specimen, each ns pulse from our controls ( (Figure 2A ), even though, as seen by ␥-H2AX staining, this treatment produces easily detected DSBs ( Figure 2B ). These data imply that treating mitotic cells with 1 M adriamycin for 1 hr damages the DNA but does not delay exit from mitosis. To confirm this, we added 1-5 M of adriamycin to CFPAC-1 cultures, located late prophase cells within the cultures 10-20 min later, and followed their progression through mitosis. Although the separation of sister chromatids during anaphase was incomplete (especially at higher drug concentrations), the duration of mitosis was not different from that of control cells (Table 1) . We then repeated this live-cell work on the other cell lines, including hTERT-RPE1, Hela, and U2OS. Again, we found that a 10-20 min treatment with 1-5 M adriamycin did not prolong the duration of mitosis in vivo (Table 1) . However, after longer (60 min) exposures to 5 M adriamycin, U2OS, but not the other cell types, exhibited an unusual behavior. Unlike in the other cell lines, where entry into mitosis was inhibited by the G2 DNA damage checkpoints, cells in U2OS cultures continued to cycle into mitosis after 60 min in 5 M adriamy- In our initial studies we used a laser microbeam to with caffeine or wortmannin. Together, our results imply that the metaphase delay randomly damage the chromosomes in late prophase nuclei. We found that minor damage did not significantly seen when chromosomes are severely damaged is not mediated by a DNA damage checkpoint but by some affect progression through mitosis in the human cell lines we used, even though it produced multiple detectother pathway. This conclusion conflicts with that of Smits et al.
. Cells Delayed in Metaphase by a Treatment with 4 M ICRF-193 Contain at Least One Mad2-Positive Kinetochore and Rapidly Enter Anaphase When Microinjected with Mad2⌬C (A-C) A late-prophase HeLa cell (A) entered mitosis in the presence of ICRF-193. Two hours later this cell was fixed and processed for the IMF distribution of CREST antigens (green), Mad2 (red), and DNA (blue; Hoechst 33342). Two kinetochores (yellow overlap and a red crescent around crest staining in [C]) still contained Mad2. (D-F) One hour after a CFPAC-1 culture was treated with 4 M ICRF-193, many cells are blocked in metaphase (D). When these are microinjected with Mad2⌬C (E), they enter anaphase within 19 min (F). The scale bar (B and C) represents 4 m.

ous workers arrested cells in mitosis with
[12], who treated U2OS cells with adriamycin able DSBs. However, more substantial damage prolonged mitosis approximately 5-fold by a mechanism during a mitotic block and found that they were substantially delayed from exiting mitosis when the block was that was not sensitive to caffeine. Here it is noteworthy that, as for other cell-cycle checkpoints, those that monremoved. To resolve this conflict, we repeated their protocol on several cell lines, including U2OS, by using itor DNA damage are thought to contain an amplification step that converts minor damage into a full arrest re-1 M adriamycin. We found that even though adriamycin induced DSBs during mitosis, it did not prolong the sponse [1]. The fact that we see a delay only in response to major, but not minor, chromosome damage is thereduration of mitosis in any of these cell lines, as evidenced by a rapid decline in the mitotic index after the fore not in accord with how checkpoints are envisioned to work. nocodazole washout. PtK 1 is the only cell that we have encountered in which to this checkpoint, it is easy to envisage how extensive extensive chromosome damage by laser microsurgery chromatin (DNA) damage during mitosis could comprodoes not delay progression through mitosis. The reason mise the function of one or more kinetochores. This idea for this is unknown. PtK 1 contain few (12-13) chromois supported by our initial finding that irradiating just the somes within a large nuclear volume. Because randomly nucleolus during prophase, when it is expected to be moving the cell through the stationary laser beam prorelatively free of kinetochores, induces much less of a duces highly localized lesions on only a few chromodelay in anaphase onset than does randomly irradiating somes, it is possible that damaging a kinetochore is a the whole nucleus. rare event. On the other hand, PtK 1 (and hTERT-RPE1) To evaluate the idea that extensive chromosome damalso progress through mitosis normally when exposed age compromises kinetochore function, we exposed continuously to ICRF-193, a treatment that is expected cells entering mitosis to either laser microsurgery or to globally affect all of the chromosomes. The key ques-ICRF-193 and then fixed them while they were blocked tion is why ICRF-193 does not compromise the function in metaphase for a subsequent IMF analysis of Mad2 of kinetochores in PtK 1 and hTERT-RPE1 cells, as it distribution. We invariably found that one or more kinetdoes in other cell types. In this regard it is possible that ochores in these cells possessed significant Mad2 stainthe centromere regions in cells that are refractory to ing, which, as in taxol-treated cells (see above), could ICRF-193 treatment, which include PtK 1 , CHO, and explain the arrest. To directly test this possibility, we hTERT-RPE, are somehow different than those in cells then injected cells blocked in metaphase by chromoin which the drug prolongs metaphase. In mammals, some damage with Mad-2⌬C, which is known to rapidly topoisomerase II␣ is concentrated in the centromere override the Mad-2 spindle assembly checkpoint [30] . and, although it is conserved within the kinetochore In all cases, this dominant-negative construct rapidly domain, its pattern of distribution is species specific induced anaphase onset and exit from mitosis. These [40] . We find that ICRF-193 treatment has no effect on data clearly demonstrate that the transient metaphase the distribution of topoisomerase II in the kinetochore block produced in response to extensive DNA damage regions of PtK 1 or hTERT-RPE chromosomes, whereas results from the inability of the cell to overcome the this treatment strips this enzyme from the kinetochores spindle assembly checkpoint because of problems in kinetochore attachment.
in 
